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ENTRIES FROM EARTH ORBIT THAT SIMULATE ACCEZERATION 
STRESSES O F  PLANEITARY MISSIONS 
By Frederick G .  Edwards 
Ames Research Center 
SUMMARY 
The a b i l i t y  t o  dupl icate  t h e  accelerat ion stress during a port ion of t h e  
ea r th  r e t u r n  of a planetary mission vehicle  by appropriate con t ro l  of a n  e a r t h  
o r b i t a l  vehicle  i s  inves t iga ted .  The r e s u l t s  show t h a t  during t h e  en t ry  of 
an o r b i t a l  spacecraft  it i s  possible  t o  approximately match t h e  accelerat ion 
p r o f i l e  corresp9ndin.g t o  t h e  i n i t i a l  dive, t h e  capture maneuver, and pa r t  of 
a constant a l t i t u d e  decelerat ion phase of a planetary mission r e t u r n  en t ry .  
A two-step approach t o  t h e  so lu t ion  i s  examined: The a n a l y t i c a l  s t e p  r e s u l t s  
i n  a closed-form approximate so lu t ion  f o r  t h e  l i f t  cont ro l .  An analog com- 
puter simulation of t h e  e n t r i e s  uses r e s u l t s  from t h e  a n a l y t i c a l  s t e p  and 
gives a more p rec i se  so lu t ion  for t h e  cont ro l .  It a l s o  permits an evaluation 
of t h e  cost t o  t h e  e a r t h  en t ry  vehicle  i n  terms of t h e  aerodynamic heating, 
range capabi l i ty ,  and r e t r o  ve loc i ty  requirements. 
Emphasis i s  placed on simulating t h e  planetary mission en t ry  a t  twice 
o r b i t a l  ve loc i ty ,  but t h e  r e s u l t s  a l s o  apply t o  en t ry  at other supercircular  
v e l o c i t i e s .  An Apollo-type l i f t i n g  en t ry  vehicle  w a s  used f o r  t h e  example 
e n t r i e s  presented . 
INTRODUCTION 
The long duration missions t o  t h e  planets would r equ i r e  as t ronauts  t o  
endure far longer periods of weightlessness (300 t o  600 days) and higher 
reentry accelerat ion levels (10 g and g r e a t e r )  than has been experienced i n  
pas t  ea r th  o r b i t a l  missions. If t h e  present man-system re l a t ionsh ip  i s  main- 
ta ined ,  t h e  astronaut w i l l  be required t o  monitor, guide, and con t ro l  during 
en t ry  from these  missions. The e f f e c t s  of t hese  extended missions and, i n  
pa r t i cu la r ,  t h e  weightless environment on h i s  a b i l i t y  t o  t o l e r a t e  high en t ry  
s t r e s s e s  and a t  t h e  same t i m e  perform con t ro l  functions must be invest igated 
p r io r  t o  t h e  planetary missions. 
Entry from long durat ion e a r t h  o r b i t  missions provides opportunities f o r  
studying performance of as t ronauts  after they have been exposed t o  extended 
periods i n  a weightless environment. This repor t  ind ica tes  a means whereby 
ea r th  o r b i t a l  spacecraft  may be used during t h e  en t ry  phase t o  give meaningful 
da ta  on t h e  e f f e c t s  of t h e  mission environment on t h e  performance of t h e  
astronaut during planetary entry; t h e  technique i s  t o  cont ro l  an e a r t h  o r b i t a l  
vehicle  during en t ry  s o  as t o  duplicate a planetary mission en t ry  
acceleration-time p r o f i l e .  
The inves t iga t ion  i n i t i a l l y  considers t h e  f l i g h t  dynamics of a planetary 
mission r e tu rn  vehic le  ( t o  be ca l l ed  t h e  reference veh ic l e ) ,  followed by a 
discussion of the  general  character of t h e  en t ry  of a n  ea r th  o r b i t a l  vehicle  
( t o  be ca l l ed  t h e  f l i g h t  vehic le )  when it i s  cont ro l led  t o  dupl icate  t h e  plan- 
e ta ry  mission entry acce lera t ion  p r o f i l e .  An approximate equation i s  
developed fo r  t h e  required l i f t  control .  
t h e  approximate equation and from a more complete analog computer simulation 
of t he  t r a j ec to ry  motions. The e f f e c t s  of acce lera t ion  cont ro l  on t h e  vehic le  
range capabi l i ty ,  aerodynamic heating, and r e t r o  ve loc i ty  increment a r e  de te r  - 
mined. A roll-modulated l i f t i n g  capsule (Apollo) i s  t h e  spacecraft  considered 
i n  t h i s  study. 
Numerical r e s u l t s  are obtained from 
SYMBOLS 
- 
A t  t o t a l  accelerat ion,  g 
CD 
n u 
( 1/2 1 PV2S drag coef f ic ien t ,  
L 
(1/2) pv2s 
CL l i f t  coe f f i c i en t ,  
D drag force,  N 
g 
h a l t i t u d e ,  m 
H 
l o c a l  value of grav i ty  acce lera t ion ,  m/sec2 
t o t a l  in tegra ted  heat load, J /m2  
K1,K2 control  equation gain constants 
L l i f t  force,  N 
m mass of vehicle ,  kg 
6 heating r a t e  per un i t  area,  W/m2 
r dis tance from planet center,  m 
S reference a rea  f o r  drag and lift coe f f i c i en t s ,  m2 
downrange dis tance t raveled,  km SD 
crossrange dis tance t raveled,  km sx 




circumferent ia l  ve loc i ty  component normal t o  radius  vector,  m/sec 
c i r cu la r  o r b i t a l  ve loc i ty  G, m/sec 
U - 
U dimensionless ve loc i ty  rat i o  
V r e su l t an t  ve loc i ty  JZT-2, m/sec 
- 
AV dimensionless change from i n i t i a l  ve loc i ty ,  
VI dimensionless ve loc i ty  at peak acce lera t ion  
- 
V i  - V 
Jgr 
w 
Xh,Yh,Zh physical  components of ex terna l  force,  N 



















dimensionless funct ion of V given by PV - -cDsJ 2m P 
atmospheric s ca l e  height,  l / m  
f l i gh t -pa th  angle given by a rc  t a n  (5) 
r e t r o  thrust vector  d i rec t ion ,  deg 
atmospheric dens it y , kg/m3 
dimensionless t i m e ,  E t 
roll angle, deg 
l a t e r a l  def lec t ion  angle, deg 
cownand 
nominal 
reference ( t i m e  funct ion)  
Subscript s 
reference (constant value) 
f l i g h t  vehic le  ( i n i t i a l  ve loc i ty  = 1) 
reference vehic le  ( i n i t i a l  ve loc i ty  = 2) 
f i n a l  value 
_ -  . 
i n i t i a l  value 
value at m a x i m u m  acce lera t ion  
v e r t i c a l  components 
3 
Superscr ipts  
( ' )  
( I )  
( -) dimensionless quant i ty  
d i f f e r e n t i a t i o n  with respect  t o  t i m e  
d i f f e r e n t i a t i o n  with respect  t o  ve loc i ty  
ANALYSIS 
General Remarks 
This sec t ion  w i l l  discuss t h e  cont ro l  required,  during t h e  atmosphere 
en t ry  of an ea r th  o r b i t a l  miss ion  vehicle ,  t o  dupl ica te  t h e  accelerat ion time 
h i s to ry  during t h e  atmosphere entry of a planetary mission vehicle .  A two- 
s t e p  approach i s  presented. The i n i t i a l  s t e p  considers only one component of 
t h e  en t ry  vehic le  motion and leads t o  an approximate but useful  ana ly t i ca l  
so lu t ion .  A second s tep ,  employing a n  analog simulation which includes th ree  
degrees of vehicle  t r a n s l a t i o n a l  motion and one degree of body r o t a t i o n a l  
motion, uses t h e  approximate r e s u l t s  from the  f irst  s t ep  t o  obtain a more 
prec ise  so lu t ion .  
P-treferen5.e vehiclk]. - The t r a j e c t o r y  for a planetary 
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Figure 1.- Typical e a r t h  e n t r y  t r a j e c t o r i e s  for 
plane tary  and e a r t h  o r b i t a l  mission vehicles.  
l o c a l  sa te l l i t e  ve loc i ty .  The par - 
t i c u l a r  en t ry  shown i s  one of sev- 
e r a l  types t h a t  could be considered 
and i s  r e f e r r e d  t o  as a constant 
a l t i t u d e  en t ry .  To achieve a suc- 
cess fu l  en t ry  t h e  vehicle  m u s t  enter  
within t h e  sa fe  corridor between t h e  
undershoot and overshoot boundaries 
of f i gu re  l ( a ) .  During t h e  i n i t i a l  
dive i n t o  t h e  atmosphere t h e  vehicle  
acce lera t ion  increases .  A t  maximum 
acce lera t ion  ( p u l l  out)  t h e  en t ry  
cont ro l  system ( e i t h e r  manned or 
automatic) i s  required t o  perform a 
"capture" maneuver t o  i n s u r e  t h a t  
t h e  vehic le  does not skip out of t h e  
atmosphere or dive i n  t o  such a 
degree t h a t  des t ruc t ive  acce lera t ion  
forces  bu i ld  up. 
t h e  vehic le  en ters  near t h e  under- 
shoot boundary. It i s  s t r e s sed  
i n  reference 1 t h a t  entry near t h i s  
boundary presents  a c r i t i c a l  con- 
t r o l  problem. The vehicle  l i f t  
vector  w i l l  be i n i t i a l l y  ful l  up t o  
insure  t h a t  t h e  mximum acce lera t ion  
l i m i t  i s  not exceeded, then, 
I n  f igu re  l ( a )  
4 
at  peak g, t h e  vehic le  i s  r o l l e d  over so t h a t  l i f t  and g rav i ty  forces  balance 
t h e  cent r i fuga l  fo rce .  The next port ion of t h e  entry i s  a constant a l t i t u d e  
decelerat ion phase u n t i l  su f f i c i en t  l i f t  can no longer be generated, a t  which 
time an equilibrium g l ide  with l i f t  vector full up i s  flown t o  landing. 
O r b i t a l  r e t u r n  ( f l i g h t  vehicle)  .- The entry t r a j e c t o r y  f o r  r e tu rn  from a n  
ea r th  o r b i t a l  mission ( f i g .  l ( a ) )  i s  t h e  pa r t i cu la r  one t h a t  dupl icates  t h e  . -  
accelerat ion time h is tory  fo r  t h e  planetary mission r e tu rn  vehicle .  
comparison of t h e  a l t i t u d e  ve loc i ty  p ro f i l e s  ind ica tes  how t h i s  match i s  
achieved. 
A 
The o r b i t a l  r e tu rn  vehic le  dives t o  a lower a l t i t u d e  (higher atmospheric 
densi ty)  than t h e  planetary mission re turn  vehicle ,  and after p u l l  out,  p u l l s  
down i n t o  t h e  atmosphere at an increasingly grea te r  r a t e  as t h e  ve loc i ty  
decays. A t  each in s t an t  when t h e  accelerat ions along t h e  t r a j e c t o r i e s  a r e  
equal, t h e  ve loc i ty  of t h e  planetary r e tu rn  vehic le  w i l l  exceed t h a t  of t h e  
o r b i t a l  r e tu rn  vehic le .  It should be c lear  t h a t  i n  order f o r  t h e  aerodynamic 
accelerat ions t o  be equal f o r  t h e  two vehicles ,  t h e  e f f ec t  of t h e  higher 
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Figure 1.- Concluded. 
I I 
o r b i t a l  vehicle  at a lower a l t i t u d e  
where t h e  atmospheric density i s  
g rea t e r .  With t h i s  technique, t h e  
dynamic pressures [ (1/2) pV2] f o r  t h e  
two vehicles  a r e  equivalent.  A more 
d i r ec t  comparison of t h e  two entry 
t r a j e c t o r i e s  i s  shown i n  f igu re  l ( b ) ,  
where t h e  two entry t r a j e c t o r i e s  
presented i n  f igu re  l ( a )  a r e  now 
plotted-as a funct ion of a new v a r i -  
ab le  
( I n  t h i s  p lo t  t h e  t r a j e c t o r i e s  pro- 
ceed toward t h e  r i g h t  whereas i n  
f i gu re  l ( a )  they proceeded toward 
t h e  l e f t . )  
t r a j e c t o r i e s  - s t a r t e d  a t  digrerent  
v e l o c i t i e s   V VI)^ = 1.0, ( v Z ) ~  = 2.0)  
and proceeded t o  zero ve loc i ty  a t  
t h e  terminal  po in t .  
they start a t  t h e  same point ,  AT = 0, 
and end a t  d i f f e ren t  points  
((ATl),  = 1.0, (AT2), = 2.0). The 
difference i n  a l t i t u d e  between t h e  
two ent ry  t r a j e c t o r i e s  i s  more 
r ead i ly  apparent i n  t h i s  f i gu re  than 
'The difference between t h e  
i n i t i a l  ve loc i ty  of t h e  vehicle  and 
AV, t h e  t o t a l  ve loc i ty  change.' 
I n  f igu re  l ( a ) ,  t h e  two 
I n  f igu re  l ( b ) ,  
1.5 2.0 t h e  ve loc i ty  at a j o i n t  along t h e  
t r a j e c t o r y  (AT = V i  - 7) w i l l  be 
equivalent at equal times for  both 
vehicles  i f  t h e  acce lera t ion  p ro f i l e s  
are matched. A fu r the r  discussion 
of AV w i l l  appear l a t e r  i n  t h e  text .  
llllllIlIlll I I I 
i n  f i gu re  l ( a ) .  
e r a t ion  f o r  t h e  two entry t r a j e c t o r i e s  a r e  presented. 
t i o n s  are equal during t h e  range of 
p lo t s  t o  appear as a single t r a c e .  It i s  during t h i s  increment i n  AT t h a t  
it i s  feasible to match t h e  acce lera t ion  p r o f i l e s .  
I n  t h e  lower part of f i g u r e  l ( b ) ,  t r a c e s  of t h e  t o t a l  acce l -  
Note t h a t  t h e  acce lera-  
AT from 0 < AT < 1.0, causing t h e  two 
A s  swnpt ions 
The en t ry  vehic le  assumed f o r  t h i s  study w a s  a blunt-faced l i f t i n g  cap- 
su l e  trimmed at  t h e  appropriate angle of a t t a c k  to give a desired 
t r i m  condition i s  s e t  p r io r  t o  entry by o f f s e t t i n g  t h e  center  of mass from 
t h e  center  l i n e  of t h e  vehicle .  Dming t h e  a c t u a l  f l i g h t  t h e r e  i s  no d i r e c t  
cont ro l  of t h e  magnitude of t h e  lift. The d i r ec t ion  of t h e  l i f t  vector i s  
control led by r o l l i n g  t h e  vehicle  about t h e  ve loc i ty  vector ,  giving r i s e  to 
components of l i f t ,  and thus control ,  i n  t h e  v e r t i c a l  and l a t e r a l  d i r ec t ions .  
L/D. This 
It w a s  assumed t h a t  t h e  vehicle  aerodynamic coe f f i c i en t s  d id  not vary 
with Mach number and Reynolds number and t h a t  t h e  
c i en t s  were only functions of t r i m  angle of a t t ack .  These aerodynamic coe f f i -  
c i en t s  a r e  given i n  t a b l e  I as a funct ion of t r i m  angle of a t t ack .  
LID and b a l l i s t i c  coe f f i -  
The vehicle  i s  assumed t o  enter  t h e  atmosphere of a norrotat ing cy l ind r i -  
c a l  ea r th  under t h e  influence of aerodynamic and g rav i t a t iona l  forces .  
exponential approximation f o r  t h e  1962 ICAO standard atmosphere i s  used 
throughout .) 
(An 
The d i f f e r e n t i a l  equations describing t h e  vehic le  motions during 
entry a r e  found by summing t h e  acce l -  
TABLE I.- AERODYNAMIC PARAMETERS FOR SIMULATED era t ions  i n  t h e  v e r t i c a l ,  horizontal ,  
and l a t e r a l  d i rec t ions  at an a r b i t r a r y  
point along the  t r a j e c t o r y .  The f o l -  
lowing nonlinear d i f f e r e n t i a l  equa- 
t i o n s  have been derived i n  r e f e r -  
VEHICLE. 
a, deg L / D  m’CDS* kg/mz 
0 0 269 
6 0.10 27 3 
31 .50 39 I 
15 2 5  293 ences 2 and 3: 
47 .70 742 
I Earth radius vector 
v2 cos2 y 
r g +  
d2h 
dt2 
- - -  
= 2 [sin y - 
m 
d2SD v cos y - dh 
dt  
- +  
dt2 r 
- - 2 [(b) s i n  
v m 
- -  d2SX L - - cos cp 
dt2  




... . . 
I n  t h i s  study, as noted previously, solut ions are obtained i n  two s teps .  
I n i t i a l l y ,  only motion i n  t h e  v e r t i c a l  d i rec t ion  i s  considered and equa- 
t i o n s  (2) and (3) are disregarded. 
obtained fo r  t h e  vehic le  (L/D)v t ime p r o f i l e .  
approach considers a l l  three equations of motion. These are programmed i n  a 
modified form and solved using an analog computer simulation. I n  addi t ion  to 
t h e  (L/D)V t i m e  p ro f i l e ,  more extensive r e s u l t s  a r e  obtained from t h i s  s t e p  
of t h e  approach. 
An approximate but usefu l  so lu t ion  i s  
The second s t e p  of t h e  
Control Technique 
I n  t h i s  study, an o r b i t a l  mission r e t u r n  vehic le  is  cont ro l led  i n  a 
closed-loop manner during en t ry  to match i t s  f l i g h t  t r a j e c t o r y  var iab les  to 
t h e  corresponding reference t r a j e c t o r y  var iab les .  The reference t r a j e c t o r y  
var iables  are those  generated during t h e  entry of a planetary mission r e t u r n  
vehic le .  The var iab les  control led are t h e  acce lera t ion  and t h e  rate of change 
of accelerat ion.  The cont ro l  equation 
i s  solved continuously during t h e  f l i g h t  t r a j e c t o r y  to determine t h e  value of 
t h e  cont ro l  cp(t) required t o  match t h e  acce lera t ion  along t h e  f l i g h t  and 
com 
reference t r a j e c t o r i e s .  The terms K 1  and K2 a r e  constant feedback gains i n  
equation ( 4 ) .  The term cp(t)  i s  t h e  nominal ro l l -angle  p r o f i l e  along t h e  
f l i g h t  t r a j e c t o r y .  This i s  not equal to t h e  nominal ro l l -angle  p r o f i l e  of t h e  
reference t r a j e c t o r y  because t h e  i n i t i a l  ve loc i ty  of t h e  f l i g h t  t r a j e c t o r y  i s  
only half  t h e  ve loc i ty  of t h e  reference t r a j e c t o r y .  Although t h e  acce lera t ion  
p ro f i l e s  f o r  t h e  two t r a j e c t o r i e s  can be i d e n t i c a l  over a port ion of t h e  entry,  
t h e  cont ro l  p ro f i l e s  required t o  achieve t h i s  i d e n t i t y  w i l l  be q u i t e  d i f f e ren t  
because of t he  d i f fe rence  i n  ve loc i ty  t h a t  e x i s t s  throughout t h e  port ion of 
t h e  entry where an acce lera t ion  match i s  achieved. Consequently, to proceed 
with t h e  analog so lu t ion ,  t h e  nominal cont ro l  p r o f i l e  f o r  t h e  f l i g h t  t r a j e c -  
t o r y  must be determined with su f f i c i en t  accuracy so t h a t  t h e  l i nea r i zed  
control  equation i s  v a l i d .  
nom 
Since t h e  reference t r a j e c t o r y  nominal p r o f i l e  ( (L/D)2v versus ve loc i ty)  
and t h e  i n i t i a l  ve loc i ty  f o r  t h e  two t r a j e c t o r i e s  a r e  known, t h e  corresponding 
f l i g h t  t r a j e c t o r y  cont ro l  p r o f i l e  can be determined. It w i l l  be shown t h a t  
an a n a l y t i c a l  approach results i n  a closed-form approximate so lu t ion  f o r  t h e  
f l i g h t  vehic le  cont ro l  p r o f i l e  and allows t h e  use of t h e  l i nea r i zed  cont ro l  
equation i n  t h e  analog computer approach to f inding a more prec ise  so lu t ion  
to t h e  cont ro l  p r o f i l e .  
Analytic Approach 
To determine t h e  proper t r a j e c t o r y  control,  during t h e  entry of an ea r th  
o rb i t  mission vehicle ,  to match t h e  acce lera t ion  p r o f i l e  of a planetary en t ry  
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vehic le  w e  s h a l l  i n i t i a l l y  use an approximate but d i r e c t  method of evaluating 
t h e  control .  The two entry vehicles  may have d iss imi la r  aerodynamic and mass 
cha rac t e r i s t i c s  but t h e  t o t a l  accelerat ions at an axbi t ra ry  in s t an t  of time 
must be equal. Thus, t o  i nd ica t e  t h e  v x i a b l e s  t h a t  influence t h e  match: 
or 
where subscr ipt  1 r e f e r s  to t h e  vehicle  enter ing at l o c a l  s a t e l l i t e  ve loc i ty  
and subscr ipt  2 r e f e r s  t o  a planetary r e tu rn  en t ry  at twice l o c a l  s a t e l l i t e  
ve loc i ty .  
t h e  two entry t r a j e c t o r i e s  at each in s t an t  of time (which i s  necessary i n  
order t h a t  t h e i r  accelerat ions be equal) by assuming an exponential va r i a t ion  
of densi ty  with a l t i t u d e  ( p  = poe-ph). 
Equation (5) may be expressed as t h e  d i f fe rence  i n  a l t i t u d e  between 
The r e su l t i ng  expression i s  
r 1 
I h l  
\"I  
Equation (6) ind ica tes  how t h e  a l t i t u d e  p r o f i l e  of t h e  two entry t r a j e c t o r i e s  
should d i f f e r  as a funct ion of t h e  ve loc i ty  r a t i o  and t h e  aerodynamic 
and mass cha rac t e r i s t i c s  of t h e  vehic les .  The second term on t h e  r i g h t  i s  
constant during entry; thus,  t h e  a l t i t u d e  difference va r i e s  exponentially 
with ve loc i ty  r a t i o  only. This exponential va r i a t ion  i s  apparent i n  f i g -  
ure l ( b )  fo r  t h a t  port ion of t h e  o r b i t a l  r e t u r n  t r a j e c t o r y  (after pull out) 
corresponding t o  t h e  constant a l t i t u d e  port ion of t h e  planetary en t ry  
t r a j e c t o r y  . 
V2/Vl 
It may be noted t h a t  equation (6)  could be a so lu t ion  t o  t h e  d i f f e r e n t i a l  
equation of motion (eq.  (l)), except t h a t  t h e  independent var iab le  i s  ve loc i ty  
ins tead  of time (as i n  eq. (l)), and t h e  dependent va r i ab le  i s  t h e  difference 
i n  a l t i t u d e  r a the r  than a l t i t u d e  d i r e c t l y .  If t h e  two equations were com- 
pa t ib le ,  t h e  conditions under which equation (6) would be a so lu t ion  t o  t h e  
d i f f e r e n t i a l  equation (1) could be determined by d i r e c t l y  subs t i t u t ing  t h e  
so lu t ion  i n t o  t h e  d i f f e r e n t i a l  equation and determining t h e  values of ( L / D L  
required t o  solve t h e  r e su l t i ng  equation. Assuming f o r  t h e  moment t h a t  i n  
equation (6) t h e  reference a l t i t u d e  p r o f i l e  (h2 vs .  V2)  i s  known, we s h a l l  
check t o  see  for what conditions a so lu t ion  i s  obtained. F i r s t ,  t h e  indepen- 
dent var iab le  must be changed s o  t h a t  t h e  d i f f e r e n t i a l  equation and i t s  solu-  
t i o n  correspond. The independent var iab le  chosen w i l l  be nei ther  t h e  time nor 
veloc i ty ,  as  i n  equations (1) and (6), but t h e  new va r i ab le  (designated t h e  
dimensionless t o t a l  ve loc i ty  change) defined as 
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where Ti i s  t h e  i n i t i a l  ve loc i ty  of t h e  vehicle ,  7, t h e  ve loc i ty  a t  any t i m e  
along t h e  en t ry  t r a j e c t o r y ,  and 
It i s  proposed t h a t  t h e  values of t h i s  new var iab le  w i l l  be common t o  both t h e  
reference and f l i g h t  t r a j e c t o r i e s ,  i n  other words, t h e  t o t a l  changes i n  veloc- 
i t y  at a corresponding time along t h e  t r a j e c t o r i e s  w i l l  be equal if t h e  t o t a l  
acce le ra t ion  p r o f i l e s  a r e  prec ise ly  matched. This requi res  t h a t  t h e  in t eg ra l s  
of t h e  two t o t a l  acce le ra t ion  p ro f i l e s  be equal: 
AT, t h e  difference between these  two values.  
Actually, equation (8) i s  only approximately t r u e .  
it i s  used are presented i n  appendix A.  
Introducing t h e  new va r i ab le  
The conditions under which 
AT i n t o  equation (1) and making t h e  small- 
angle approximation cos y = 1 and s i n  y = y r e s u l t s  i n  t h e  s impl i f ied  
express ion 
1 d . h  where t h e  r a t e  of climb, y y ,  has been subs t i t u t ed  f o r  i t s  equivalent,  - - . 
The control  va r i ab le  t o  be evaluated, (L/D),, i s  t h e  v e r t i c a l  component of 
t h e  t o t a l  l i f t - t o -d rag  r a t i o  of t h e  vehic le .  
E dt 
I n  equation (9) t h e  der iva t ive  term i s  evaluated by d i f f e ren t i a t ing  
equation (6)  , a so lu t ion  t o  t h e  d i f f e r e n t i a l  equation. 
respect t o  AT and subs t i t u t ing  i n  terms of t h e  r a t e  of climb va r i ab le  V l Y l  
y ie lds  an expression f o r  t h e  f l i gh t -pa th  angle Y 1 :  
Differen t ia t ing  wAth 
After  a second d i f f e ren t i a t ion ,  
where subscr ip ts  1 and 2 correspond t o  t h e  va lues  fo r  t h e  f l i g h t  and reference 
vehicle,  respec t ive ly .  The t o t a l  acce le ra t ion  4 has no subscr ipt  s ince  it 
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I 
i s  equivalent f o r  both vehic les .  
d i rect ly  i n t o  t h e  d i f f e r e n t i a l  equation (9) ,  which i s  solved fo r  t h e  required 
value of (L/D)l~ 
result i s  : 
Equations (10) and (11) me subs t i t u t ed  
which makes equation (6) a. so lu t ion  of equation (9) .  The 
- 
Subst i tut ing f o r  t h e  v e l o c i t i e s  ,VI and y2 
AT 
f o r  t h e  vehicle  cont ro l :  
i n  terms of t h e  common v a r i a b l e  
and the i n i t i a l  v e l o c i t i e s  ( V 1 ) i  = 1 and (v2)i = 2 gives t h e  expression 
I n  equation (13) t h e  lift required for  con t ro l  of t h e  f l i g h t  vehicle  i s  
r e l a t e d  t o  t h e  l i f t  c h a r a c t e r i s t i c s  of both t h e  f l i g h t  and reference vehicle  
and t h e  t r a j e c t o r y  parameters of t h e  reference veh ic l e  only. The cont ro l  i s  
a d i r e c t  function of t h e  v e r t i c a l  component of t h e  
vehicle,  (L/D),v, t h e  L/D of t h e  reference and f l i g h t  vehicles,  t h e  i n t e g r a l  
of t h e  t o t a l  acce le ra t ion  AT, t h e  magnitude of  t h e  acce lera t ion ,  &, and an 
ind i r ec t  function of t h e  ra te  of change of acce le ra t ion  through t h e  f l i g h t -  
path angle, y ~ .  Although it i s  not apparent at t h i s  point i n  t h e  discussion, 
a l l  of t hese  parameters are known quan t i t i e s .  Thus, w e  have determined t h a t  
equation (6) w i l l  be a so lu t ion  t o  t h e  d i f f e r e n t i a l  equation i f  t h e  v e r t i c a l  
component of t h e  l i f t  vector va r i e s  as spec i f i ed  by equation (13) .  
t i o n  (13) i s  then  t h e  closed-form approximate so lu t ion  for  t h e  f l i g h t  vehicle  
cont ro l  problem. I n  order t o  solve equation (13) quant i ta t ive ly ,  the-refer- 
ence t r a j e c t o r y  m u s t  b e  specif ied i n  terms of t h e v a r i a b l e s  (L/D)~v, A t ,  and 
y2 as a funct ion of t h e  independent va r i ab le  AV. It s h a l l  now be indicated 
how these  quan t i t i e s  may be determined and a numerical so lu t ion  obtained. 
L/D of t h e  reference 
Equa- 
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The a l t i t u d e  versus AT p r o f i l e  fo r  t h e  reference t r a j e c t o r y  ( f i g .  l ( b ) )  
i s  conveniently dividkd i n t o  three d i s t i n c t  segments. The i n i t i a l  dive i n t o  
t h e  atmosphere up to t h e  point of p u l l  out i s  t h e  f irst  phase. The constant 
a l t i t u d e  port ion i s  t h e  second phase, followed by t h e  t h i r d ,  designated an 
equilibrium g l ide .  O u r  i n t e r e s t  will be i n  dupl icat ing t h e  acce lera t ion  pro- 
f i l e  of t h e  first segment and as much as possible  of t h e  second phase. The 
reference var iab les  f o r  these  two segments w i l l  be spec i f ied  separately.  
I n i t i a l  dive phase.- The i n i t i a l  dive i n t o  t h e  atmosphere may be consid- 
ered t h a t  port ion of t h e  t r a j e c t o r y  from atmospheric encounter (i. e. ,  
& = 0.05 g)  u n t i l  m a x i m u m  acce lera t ion .  
been solved i n  closed form f o r  r e s t r i c t e d  cases by Gazley, Loh, Lees, and 
others  and, i n  a more general  form, by Chapman. Chapman (ref .  2) reduces t h e  
two bas ic  d i f f e r e n t i a l  equations f o r  longi tudinal  motions (eqs.  (1) and ( 2 ) )  
to a s ing le  approximate equation. This s ing le  equation i s  a nonlinear second- 
order d i f f e r e n t i a l  equation i n  terms of a generalized dependent var iab le  Z 
and t h e  independent va r i ab le  ve loc i ty ,  E. Although Chapman's equation 
requi res  numerical machine calculat ions,  t h e  general  r e s u l t s  obtained apply t o  
problems involving a range of body shapes, mg/C@, and planetary atmosphere.-. 
A Set  of precomputed en t ry  t r a j e c t o r i e s ,  presented i n  terms of generalized Z 
functions as w e l l  as t h e  more useful  values of &, y ,  and v, i s  presented i n  
tabular form i n  reference 4 for severa l  d i f fe ren t  i n i t i a l  ve loc i t i e s  and L/D 
values.  The values f r o m t h e s e  t a b l e s  may be used successful ly  as reference 
t r a j e c t o r y  var iables  f o r  t h e  i n i t i a l  dive i n t o  t h e  atmosphere. The accelera-  
t i o n ,  f l i gh t -pa th  angle, and ve loc i ty  f o r  a n  i n i t i a l  ve loc i ty  of V i  = 2.0 
and a spec i f ied  (L/D)zv, (L/D)2,  and (L/D)1 may be taken from t h e  appropriate  
table-of reference 4 and-substituted d i r e c t l y  i n t o  equation (13) as  a funct ion 
of AV (where AV = 2 - V ) .  
of t h e  f l i g h t  vehicle  and p l o t t e d  as a funct ion of ve loc i ty  or t h e  correspond- 
ing time ( a l s o  given i n  t h e  t a b l e s ) .  
This port ion of t h e  t r a j e c t o r y  has 
Equation (13) may then be solved f o r  t h e  (L/D)=v 
Although t h e  above procedure i s  feas ib le ,  it w a s  not d i r e c t l y  followed 
f o r  t h e  example presented i n  f i gu re  3; a new t a b l e  of values w a s  computed 
(from Chapman's equations) t h a t  r e su l t ed  i n  a t r a j e c t o r y  with a peak accelera-  
t i o n  of prec ise ly  10.0 g .  This f igu re  w i l l  be discussed i n  a l a t e r  sec t ion .  
Constant a l t i t u d e  phase. - For constant a l t i t u d e  f l i g h t  t h e  computation of 
t h e  required (L/D)= i s  g r e a t l y  s impl i f ied  because both t h e  reference f l i g h t -  
path angle y2 and d2(vy)/dnp a r e  zero. Thus t h e  required ( L / D ) 2 ~ ,  evalu- 
a ted  from equation (9) , i s  
When equation (14) i s  subs t i t u t ed  i n t o  equation (13), t h e  terms i n  t h e  bracket 
w i l l  be i den t i ca l ly  zero and t h e  equation w i l l  reduce to t h e  simpler form: 
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I n  equation (15) only t h e  reference acce lera t ion  p r o f i l e  need be speci-  
f ied,  which, f o r  t h e  constant a l t i t u d e  (p  = const)  segment, w i l l  vary as t h e  
square of t h e  ve loc i ty :  
where &I/V12 
t i o n ) .  
i s  a constant and i s  evaluated a t  p u l l  out (maximum accelera-  
Subs t i tu t ing  equation (16) i n t o  (15) and simplifying y i e lds  
The so lu t ion  of equation (17) f o r  t h e  constant a l t i t u d e  port ion along with 
(13) f o r  t h e  i n i t i a l  dive, comprises t h e  approximate so lu t ion  t o  t h e  problem 
of matching t h e  acce lera t ion  p ro f i l e s  of t h e  two vehicles ,  one enter ing a t  
planetary mission r e tu rn  ve loc i ty  (vi = 2 ) ,  t h e  other at o r b i t a l  r e tu rn  veloc- 
i t y  (vi = 1). 
obtained on t h e  analog computer. 
From t h i s  approximate so lu t ion  a prec ise  so lu t ion  can be 
The problem discussed e a r l i e r  i n  specifying t h e  nominal roll p r o f i l e  
cp(t) nom 
determination of t h e  (L/D)lv 
roll p r o f i l e  ( s ince  
though, s ince  t h e  so lu t ion  of equations (13) and (17) gives (L/D)=v 
funct ion of  t h e  ve loc i ty  var iab le  AT and not of t h e  va r i ab le  t ime. This i s  
a problem f o r  only t h e  constant a l t i t u d e  por t ion  of t h e  t r a j e c t o r y  s ince  t h e  
tabula t ion  of t h e  reference t r a j e c t o r y  var iab les  i n  reference 4 fo r  t h e  i n i -  
t i a l  dive includes t h e  var iab le  t ime. For t h e  second phase of t h e  entry 
t r a j e c t o r y  a r e l a t i v e l y  simple r e l a t ionsh ip  between time and AT i s  derived 
i n  appendix B and i s  presented here.  
i n  t h e  vehic le  control  equation (eq.  ( 4 ) )  may now be resolved s ince a 
p r o f i l e  i s ,  i n  e f f e c t ,  a determination of t h e  
An inconsistency e x i s t s  here cp = cos-’[ (L/D)v/(L/D) 1 .  
as a 
.- 
The quan t i t i e s  & I , A V I ,  and t I  a r e  t h e  accelerat ion,  ve loc i ty  change, and 
time, respect ively,  at i n i t i a t i o n  of t h e  second phase ( i . e . ,  p u l l  o u t ) .  
These values a r e  numerically equivalent t o  those ex is t ing  at t h e  end of t h e  
i n i t i a l  dive.  
t h e  evaluation of t h e  nominal roll p r o f i l e  as a funct ion of t ime. 
i n  t h i s  form may be used i n  t h e  control  equation (eq.  (4 ) )  as t h e  nominal 
roll p r o f i l e .  
Using equation (18) i n  conjunction with equation (17) permits 
The p r o f i l e  
Analog Computer Approach 
The a n a l y t i c a l  s t ep  of t h e  approach presented i n  t h e  previous sec t ion  
gave an approximate so lu t ion  fo r  t h e  
obtain t h i s  solut ion,  it w a s  assumed t h a t  t h e  f l i gh t -pa th  angle w a s  small 
L/D versus time (cont ro l )  p r o f i l e .  To 
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and t h a t  t h e  t h r e e  vehic le  t r a n s l a t i o n a l  equations w e r e  independent SO t h a t  a 
so lu t ion  based on a s ing le  d i f f e r e n t i a l  equation of motion could be obtained. 
We s h a l l  now proceed with t h e  more general  analog computer s t ep  of t h e  
approach i n  which t h e  above assumptions a r e  not necessary. 
For t h i s  s tep ,  t h e  f u l l  set of t h e  three d i f f e r e n t i a l  equations w a s  s i m -  
u la ted  on t h e  computer. This allows a more prec ise  so lu t ion  fo r  t h e  cont ro l  
p ro f i l e ,  provides f l e x i b i l i t y  f o r  generating t h e  desired reference t r a j e c -  
t o r i e s ,  and permits evaluating t h e  cos ts  of performing t h e  acce lera t ion  match 
( i n  terms of t h e  s a c r i f i c e  i n  vehic le  ranging capabi l i ty  and changes i n  t h e  
aerodynamic heating on t h e  veh ic l e ) .  
form presented i n  t h e  previous sec t ion  (eqs.  (l), ( 2 ) ,  and (3 ) )  are not s u i t -  
able f o r  d i r ec t  programming on an analog computer. 
program var iab les ,  plus  t h e  f a c t  t h a t  t h e  net r a d i a l  acce le ra t ion  i s  at t i m e s  
a small difference of l a rge  forces ,  presents  sca l ing  problems on t h e  analog 
computer which g rea t ly  a f f e c t  t h e  accuracy of t h e  results. However, i f  a more 
convenient axis system i s  introduced and t h e  equation i s  modified to a pe r tu r -  
bat ion form, t h e  d i f f i c u l t i e s  are reduced. 
axis system, introduced by Fogarty and Howe ( r e f .  3) , w i l l  al low continuous 
simulation from o r b i t a l  ve loc i ty  and a l t i t u d e  through en t ry  without resea l ing .  
The modified equations i n  t h i s  form a r e  presented i n  appendix C .  The set of 
equations represents  t h e  t h r e e  degrees of  vehicle  t r a n s l a t i o n a l  motion t o  
which i s  added one degree of b o w  r o t a t i o n a l  motion (roll axis) and addi t iona l  
aux i l i a ry  re la t ionships  to give t h e  aerodynamic heating and to solve t h e  
vehic le  cont ro l  equation. 
The s e t  of d i f f e r e n t i a l  equations i n  t h e  
The l a rge  range of t h e  
The use of a modified f l i gh t -pa th  
Circular velocity entry 
Initial conditions 
V i  YL h' 
w T H  dynamics Flight trajectory vehicle 
dynamics 
Reference vehicle Time t-- trajectory dynamics ttt 
vi Yi h i  
Supercirculor velocity entry 
Initial conditions 
Figure 2.- Block diagram of analog computer 
study. 
The analog computer s e t  -up i s  
represented diagrammatically i n  f i g -  
ure  2.  The two l a rge  blocks repre-  
sent t h e  respect ive t r a j e c t o r y  
dynamics f o r  t h e  t w o  vehic les .  Two 
i d e n t i c a l  s e t s  of t h e  t r a n s l a t i o n a l  
d i f f e r e n t i a l  equations of mot ions 
were programmed on t h e  analog com- 
puter .  One s e t ,  representing t h e  
motions of t h e  planetary mission 
entry vehic le ,  generates t h e  r e f e r -  
ence t r a j e c t o r y  s t a t e  var iab les  and 
removes t h e  need f o r  programming a 
precomputed reference.  The second 
s e t  represents  t h e  motion of t h e  
o r b i t a l  mission en t ry  vehic le .  The 
two s e t s  of equations a r e  solved 
concurrently; thus ,  at each in s t an t  
of time, t h e  corresponding values of 
t h e  s t a t e  var iab les  a r e  ava i lab le  
f o r  comparison t o  give t h e  e r ror  
s igna l .  The t r a j e c t o r y  of t h e  r e f -  
erence vehic le  i s  completely indepen- 
dent, t h a t  i s ,  d i f f e ren t  reference 
t r a j e c t o r y  p r o f i l e s  are found through 
proper choice of t h e  i n i t i a l  
I. 
condi t ions.  The t r a j e c t o r y  motions of t h e  f l i g h t  vehic le  a r e  r e l a t e d  to those 
of t h e  re ference  veh ic l e  through t h e  cont ro l  equation (eq.  ( 4 ) ) .  The mechani- 
zat ion of t h e  cont ro l  equation i s  a l s o  shown i n  f i g u r e  2 .  The state var iab les  
generated by t h e  t r a j e c t o r y  dynamics are compared t o  obtain t h e  e r ro r  quan- 
t i t i e s  (xt and &); t hese  are weighted appropr ia te ly  (empir ical ly)  and 
summed with t h e  nominal roll p r o f i l e  to obta in  t h e  commanded roll angle.  The 
f l i g h t  vehic le  i s  commanded t o  roll so  as t o  reduce t h e  e r ro r  quan t i t i e s .  
The approximate so lu t ion  determined from t h e  a n a l y t i c  s t e p  of t h e  
approach of t h e  previous sec t ion  w a s  used as t h e  i n i t i a l  estimate of t h e  nom- 
i n a l  cont ro l  i n  t h e  mechanized cont ro l  equation. 
i s  only approximate, an  e r ro r  i n  t h e  cont ro l  parameters(&&, at) would 
develop even i f  no t r a j e c t o r y  disturbances occurred. 
nizat ion,  provisions were ava i lab le  f o r  manually ad jus t ing  t h e  shape of t h e  
approximate nominal p r o f i l e .  By proper adjustment so t h a t  t h e  magnitudes of 
t he  e r ro r  quan t i t i e s  were reduced, a b e t t e r  approximation of t h e  so lu t ion  f o r  
t h e  nominal cont ro l  p r o f i l e  could be obtained. If t h e  e r ro r  quan t i t i e s  could 
be reduced to zero, then t h e  t r u e  nominal and, consequently, t h e  exact so lu-  
t i o n  f o r  t h e  cont ro l  would be found. The so lu t ion  w a s  not pursued t o  t h i s  
extent s ince  t h e  l i f t  requi red  f o r  c e r t a i n  regions of t h e  cont ro l  p r o f i l e  
could not be achieved during t h e  en t ry  of an a c t u a l  vehic le .  Therefore, a 
cotxpromise of t h e  o r i g i n a l  ob jec t ive  of obtaining a prec ise  match w a s  required.  
The nature  of t h i s  compromise w i l l  be explained f u l l y  i n  t h e  next sec t ion .  
Since t h i s  cQntro l  p r o f i l e  
For t h e  computer mecha- 
DISCUSSION AND RESULTS 
General Remarks 
I n  t h e  ana lys i s  sect ion,  an  a n a l y t i c a l  expression (eq.  (13))  was derived 
which gives  an approximate so lu t ion  for  t h e  con t ro l  of a vehic le  enter ing 
from o rb i t  so  t h a t  t h e  acce lera t ion  p r o f i l e  t h a t  r e s u l t s  would match t h a t  of 
a planetary mission vehicle  enter ing t h e  e a r t h ' s  atmosphere a t  twice o r b i t a l  
ve loc i ty .  I n  t h i s  sect ion,  it w i l l  be shown t h a t  although it i s  impract ical  
t o  obtain a prec ise  match of t h e  acce lera t ion  p r o f i l e ,  an approximate match 
i s  obtainable and has c e r t a i n  advantages which w i l l  be expounded. This w i l l  
be followed by an  extensive discussion of t h e  r e l a t ionsh ip  t h a t  must e x i s t  
between t h e  o r b i t a l  vehic le  aerodynamics and t r a j e c t o r y  cha rac t e r i s t i c s  and 
those  of the  planetary en t ry  vehic le  i n  order to obtain an approximate match. 
F ina l ly ,  t h e  cost  of performing t h e  acce lera t ion  match i n  terms of t h e  r e s u l t -  
ing aerodynamic heating on t h e  vehicle ,  t h e  cons t ra in ts  on t h e  vehic le  maneu- 
v e r a b i l i t y  f o r  range control ,  and t h e  changes i n  t h e  required ve loc i ty  
increment f o r  t h e  r e t r o  maneuver w i l l  be discussed. 
Matching Consider at i ons 
I n  f igu re  3, a t y p i c a l  s e t  of en t ry  t r a j e c t o r i e s  i s  presented f o r  which 
t h e  f l i g h t  vehic le  i s  cont ro l led  t o  generate t h e  acce lera t ion  p r o f i l e  of t h e  
reference vehicle .  The a l t i t u d e ,  acce le ra t ion ,  and-lif t  cont ro l  p r o f i l e s  are 
presented as a func t ion  of t h e  ve loc i ty  variable AV. The reference 








Figure 3.- Typical va r i a t ion  of e a r t h  en t ry  sequent decelerat ion,  t h e  f l i g h t  
vehicle  i s  cont ro l led  to achieve a 
close match of t h e  reference accelera-  
t r a j e c t o r y  parameters with ve loc i ty  during 
p lane tary  mission en t ry  simulation. 
(L ID1 I = 0.58 -.---*. Earth orbital mission t o  t h e  reference value at each point 
along t h e  t r a j e c t o r y .  Thus, t h e  
-- t h e  reference acce lera t ion  t r a c e  
entry vehicle (flight) 
- *....... (L /O)z  ~ 0 . 2 5  (precise match) 
i.. acce lera t ion  t r a c e  i s  i d e n t i c a l  to --- _--- 
~ --- (dash curve).  
s e n t s  an approximate match, which 
means t h a t  during t h e  i n i t i a l  dive . 
The second entry repre-  
a
- 
( b )  
I I I I i - 
t i o n  p r o f i l e  i n  a closed-loop manner. 
I n  f i gu re  3, t h e  p r o f i l e s  f o r  t h e  reference t r a j e c t o r y  were generated by 
programming Chapman's en t ry  equations on a d i g i t a l  computer. The cont ro l  pro- 
f i l e  f o r  t h e  prec ise  match is- t h e  quant i ta t ive  so lu t ion  of equation (13) using 
t h e  outputs of 
The a l t i t u d e  p r o f i l e  i s  computed using equation (6) of t h e  analysis  sec t ion .  
Figure 3 shows t h a t  t h e  required f o r  a prec ise  match as computed from 
equation (13) i s  t o o  l a rge ,  at both t h e  onset and end of t h e  entry,  to be 
achieved by t h e  vehic le  considered here. 
e ta ry  mission entry acce lera t ion  p r o f i l e  by an ea r th  o r b i t a l  mission vehicle  
i s  physical ly  unreal izable  with a capsule-type configuration, because of t h e  
excessive aerodynamic lift required,  t h e  acce lera t ion  p r o f i l e  could be matched 
over port ions of t h e  en t ry .  Figure 3 shows an example of t h i s  approximate 
match. The p ro f i l e s  fo r  t h e  approximate match were generated on a n  analog 
computer simulation of t h e  en t ry  with t h e  same reference acce lera t ion  p r o f i l e  
as t h a t  used to obtain t h e  cont ro l  p r o f i l e  fo r  t h e  prec ise  match j u s t  
described. Thus, t h i s  reference i s  a l s o  t h e  dashed curve (q vs. Am on f i g -  
ure  3. The approximate so lu t ion  has t h e  cha rac t e r i s t i c s  of matching t h e  mag- 
nitudes of t h e  peak acce lera t ion  and t h e  peak acce lera t ion  rate during t h e  
&-, y2 ,  and V, from t h e  d i g i t a l  program as t h e  reference.  
L/D 
Although a prec ise  match of t h e  plan- 
I 
i n i t i a l  dive phase of t h e  entry while t h e  cont ro l  p r o f i l e  r e t a i n s  t h e  general  
shape of t h e  cont ro l  p r o f i l e  corresponding t o  t h e  planetary mission en t ry  tra- 
jectory.  L/D (constant roll 
angle) during t h e  i n i t i a l  dive, a ro l l -over  maneuver at peak g, and then  
closed-loop cont ro l  of t h e  l i f t  vector about t h e  nominal during t h e  subse- 
quent period of acce lera t ion .  During t h e  te rmina l  por t ion  of t h e  e n t r i e s  
(AT > 0.5) t h e  magnitude of t h e  roll angle progresses toward 90' (zero L/D) 
on f i g .  3 ( b ) )  f o r  t h e  planetary mission entry,  while f o r  t h e  o r b i t a l  mission 
vehicle,  t h e  r o l l  angle progresses toward 1800 (negat ive 
f igure  3 ( b ) .  The d i f fe rence  i n  t h e  two acce lera t ion  p r o f i l e s  i n  f i g u r e  3(a) 
i s  deceiving. Actually,  t h e  match on a time h i s to ry  p lo t  i s  much c loser  than 
it appears here on a ve loc i ty  h is tory .  The increasing e r ro r  apparent i n  t h e  
two acce lera t ion  p r o f i l e s  as 
assumption concerning Av ( i . e . ,  AV, = AT2) r a the r  t han  t h e  t r u e  difference 
i n  t h e  time h i s t o r i e s  of t h e  p ro f i l e s .  The t ime h i s t o r i e s  w i l l  be shown i n  
l a t e r  f igures  and t h e  match w i l l  appear much c lose r .  
The approximate match i s  achieved with constant 
L/D) as shown i n  
AV increases  r e f l e c t s  t h e  inaccuracy i n  t h e  
Because the  required l i f t  is  within t h e  capab i l i t y  of t h e  configuration 
and t h e  small d i f fe rence  i n  t h e  accelerat ion p r o f i l e ,  t h e  approximate match 
appears a t t r a c t i v e  and i s  s tudied to t h e  exclusion of t h e  other approach 
during t h e  remainder of t h i s  r epor t .  
Computing t h e  ro l l -angle  p r o f i l e  of t h e  f l i g h t  vehic le  requi res  t h e  se l ec -  
t i o n  of a n  appropriate  s e t  of i n i t i a l  conditions f o r  a l t i t u d e ,  ve loc i ty ,  and 
f l i gh t -pa th  angle, i n  addi t ion  t o  specifying t h e  f l i g h t  vehfcle  
next sect ion,  we w i l l  discuss t h e  manner i n  which these  quan t i t i e s  a r e  
se lec ted  s o  that t h e  maximum accelerat ion and maximum acce lera t ion  ra te  
encountered during t h e  i n i t i a l  dive i n t o  t h e  atmosphere by t h e  f l i g h t  vehic le  
w i l l  match t h e  respec t ive  value of t h e  reference vehic le .  
shown t h a t  if t h e  f l i g h t  vehic le  has t h e  aerodynamic lift capabi l i ty  t o  match 
t h e  i n i t i a l  dive por t ion  of t h e  acce lera t ion  p r o f i l e  of t h e  planetary mission 
vehicle  entry,  then  a match of t h e  subsequent constant a l t i t u d e  decelerat ion 
port ion i s  a l s o  within i t s  capabi l i ty .  
L/D. I n  t h e  
a t  w i l l  then be 
Determination of I n i t i a l  Conditions 
A vehicle  enter ing t h e  e a r t h ' s  atmosphere w i l l  experience a n  acce lera t ion  
buildup and a peak acce lera t ion  d i r e c t l y  r e l a t e d  t o  t h e  i n i t i a l  ve loc i ty ,  
f l i gh t -pa th  angle, and vehicle  l i f t - t o -d rag  r a t i o .  It can be shown t h a t  f o r  
a spec i f ied  entry ve loc i ty  and vehicle  
between t h e  peak acce lera t ion  r a t e  and t h e  peak acce lera t ion  encountered 
during t h e  en t r i e s  throughout a range of i n i t i a l  f l i gh t -pa th  angles.  This 
r e l a t ionsh ip  between Atmax and Atmax as a funct ion of L/D i s  shown i n  
f igures  4(a) and 4(b) for two values of These data were generated on 
t h e  analog computer simulation of t h e  i n i t i a l  dive.  The peak values of Kt 
and & 
a l t i t u d e  at which 0.05 g i s  encountered) f o r  a range of i n i t i a l  f l i gh t -pa th  
angles from -3' to -1'. 
ea r th  o rb i t  (Ti = 1); f igu re  4(b) shows t h e  same type of data  f o r  e n t r i e s  a t  
twice t h e  o r b i t a l  ve loc i ty  (Ti = 2.0) .  
L/D, a unique correspondence e x i s t s  
- - 
- 
V i .  
were obtained during en t r i e s  i n i t i a t e d  a t  atmospheric encounter ( t h e  
Figure 4(a) presents  these  data f o r  en t r i e s  from 
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(b)  Return from planetary mission. 
Figure 4.- Acceleration and rate of change of acceleration attained during earth entry. 
For e n t r i e s  from ea r th  o rb i t  a t  constant L/D severa l  acce le ra t ion  peaks 
may occur during t h e  course of t h e  en t ry .  Only t h e  peak Kt and 4 occurring 
during t h e  f i r s t  acce lera t ion  builduy a r e  p l o t t e d  i n  f i gu re  4(a) .  O u r  i n t e r -  
e s t  i s  i n  matching t h e  peak. & and rt I n  
c e r t a i n  regions rttmax nd f o r  e n t r i e s  at V i  = 1 and 2 can be r e l a t e d  
through t h e  - var i ab le  L/D and t h e  i n i t i a l  fli-ght-path angle.  Two e n t r i e s ,  
one at V i  = 2 ( f i g .  4 ( b ) ) ,  w i l l  achieve 
t h e  i d e n t i c a l  peak & and peak % i f  L/D and y i  bear t h e  r e l a t ionsh ip  
shown i n  f igures  4(a)  and 4 ( b ) .  For example, t o  achieve an en t ry  with a peak 
acce lera t ion  of 10 g and - a peak acce lera t ion  rate of 0 .5  g/sec requi res  t h a t  
a vehicle  enter ing at L/D = 0.2 and y = - 5 . 8 O  (from f i g .  4 ( b ) ) .  
A vehicle  enter ing at V i  = 1 would requi re  t h a t  
(from f i g .  4 ( a ) ) .  
aerodynamic l i f t  capab i l i t y  than  t h e  planetary mission entry vehic le  t o  
achieve t h e  i d e n t i c a l  peak & and &. For other  cases, t h e  L/D required 
may be l e s s  f o r  t h e  o r b i t a l  entry vehic le  than  f o r  t h e  planetary missLon 
en t ry  vehicle .  An-example of t h i s  i s  an en t ry  t h a t  achieves a peak A t  of 
4 .5  g and a peak Kt of 0.12 g/sec. A vehicle-entering at V i  = 2 requi res  
t h a t  
L/D = +0.35.  The r e l a t ionsh ip  between t h e  l i f t  requirements f o r  a planetary 
mission type en t ry  and. t h e  corresponding o r b i t a l  mission en t ry  t h a t  a t t a i n s  
t h e  same peak 
f o r  t h e  t w o  types of e n t r i e s .  
max 
V i  = 1 ( f i g .  4 (a) )  and t h e  other at 
3 = 2 have 
L/D = 0.5 and 7 = -7 .Oo 
For t h i s  case, t h e  o r b i t a l  en t ry  vehicle  requi res  a grea te r  
L/D = -0.5, while a vehic le  enter ing at V i  = 1 requi res  t h a t  
Kt and Kt can be seen d i r e c t l y  by cross-plot t ing t h e  
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Orbital mission return, (L /D)  I 
Figure 5.- LID requirements f o r  the i n i t i a l  
dive phase. 
(L/D)= and (L/D)2 values of f igu res  &(a) , 
and 4(b) f o r  equivalent 
pa i r s .  The r e su l t i ng  var ia t ions  a r e  pre-  
sented i n  f i g u r e  5. Each point on f i g -  
ure  5 represents  two entr-ies, one f o r  t h e  
o r b i t a l  mission r e t u r n  (Vi = 1) and t h e  
ot_her for  t h e  planetary mission r e tu rn  
( V i  = 2),  both of which a t t a i n  t h e  i d e n t i -  
c a l  peak acce lera t ion  and peak accelera-  
t i o n  rate. The aerodynamic l i f t  required 
during each en t ry  i s  designated (L /D) l  
and (L/D)z, respec t ive ly .  Thus, from f i g -  
ure  5, t h e  appropriate  L/D can be estab-  
l i shed  f o r  an e a r t h  o r b i t a l  mission 
vehicle  s o  - t h a t  i: i s  possible  t o  match 
t h e  peak A t  and A t  encountered during 
t h e  i n i t i a l  dive port ion of t h e  planetary 
mission en t ry  vehic le  entry.  The t r i a n -  
gular  shaded region on t h i s  p lo t  repre-  
sen ts  e n t r i e s  i n  which t h e  planetary 
mission entry vehic le  does not enter  t h e  
atmosphere s u f f i c i e n t l y  t o  be captured, 
but skips back out .  Points along t h e  
border of t h i s  shaded region represent 
e n t r i e s  at t h e  overshoot boundary. An 
overshoot boundary e x i s t s  fo r  en t r i e s  a t  
+L/D ( l i f t  vector  up) as well as  t h e  more 
commonly understood negative overshoot 




e n t r i e s  at t h e  pos i t i ve  l i f t  overshoot boundary, t h e  problems f o r  vehicle  
cont ro l  a r e  compounded; f o r ,  i n  addi t ion  t o  sk ip  out, t h e r e  i s  a n  addi t iona l  
problem of exceeding t h e  maximum allowable peak g .  The vehicle  enters  with 
l i f t  vector up (cp = 0 ) t o  keep t h e  peak g within bounds. 
rol l -over  maneuver d i r e c t s  t h e  l i f t  vector downward (9 = 180') t o  a t t a i n  cap- 
t u r e .  If the  l i f t  force  i s  in su f f i c i en t ,  t h e  vehic le  w i l l  skip back out of 
t h e  atmosphere. For each entry of t h i s  type,  t h e r e  i s  a minimum allowable 
L/D t o  insure capture.  These values of L/D and t h e  corresponding peak 
acce lera t ion  def ine t h e  +L/D overshoot boundary. For entry at the  negative 
overshoot boundary, t h e  peak acce lera t ions  w i l l  be low and of l i t t l e  concern. 
The vehic le  en ters  with l i f t  vector down ( c p  = 180~) and r e t a i n s  t h i s  a t t i t u d e  
t h o u g h  t h e  p u l l  out .  
0 A t  p u l l  out, a 
The undershoot boundary appears i n  f i gu re  5 at t h e  16 g l i n e .  The under- 
shoot boundary, which spec i f i e s  t he  maximum allowable accelerat ion,  was s e t  
a r b i t r a r i l y  at 16 g f o r  t h i s  study, but could have been set a t  any reasonable 
value.  A 10-g boundary i s  more commonly used. Two ent ry  examples given 
e a r l i e r ,  one with & = 10 g, t h e  other with & = 
sented i n  f i gu re  5 by t h e  square and t r i angu la r  symbols, 
seen t h a t  t h e  two examples ac tua l ly  represent  e n t r i e s  at 
negative overshoot boundaries . An addi t iona l  example a t  
max max 
4.5 g, a r e  repre-  
respect ively.  It i s  
t h e  pos i t ive  and 
t h e  16-g undershoot 
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( c )  Amax = 4.5 g 
Figure 6.- Time h i s t o r i e s  of t r a j e c t o r y  parameters during p lane tary  mission en t ry  simulation by ea r th  
o r b i t a l  mission en t ry  vehicle.  
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boundary i s  a l s o  indicated i n  f igu re  5 by t h e  c i r c u l a r  symbol. 
shows t h a t  t h e  acce lera t ion  p r o f i l e  of a planetary mission entry vehic le  
(L/D = 0.4) enter ing at t h e  16-g undershoot boundmy may be dupl icated by an 
ea r th  o r b i t a l  mission en t ry  vehic le  with 
f l i gh t -pa th  angles f o r  t hese  e n t r i e s  a r e  y2 NN -6.7 and y l  -9.4. The values 
of yi are determined from f igu res  4(a) and 4 (b ) .  
The f igu re  
L/D = 0.5. The appropriate  i n i t i a l  
Resul ts  of t h e  Matching Process 
The three examples indicated i n  f igu re  5 w i l l  be used to i l l u s t r a t e  t h e  
r e s u l t s  of t h e  matching process.  The technique f o r  matching t h e  acce lera t ion  
p r o f i l e s  w a s  explained i n  t h e  analog computer sec t ion  of t h i s  r epor t .  The 
r e s u l t s  of these  en t ry  simulations appear i n  f igu re  6, where t h e  e n t r i e s  a r e  
shown from t h e  t ime of atmospheric encounter u n t i l  t h e  f l i g h t  vehic le  reached 
a n  a l t i t u d e  of about 14.3 km (47,000 ft, oh = 2 ) .  This period corresponds to 
t h e  i n i t i a l  dive phase and a por t ion  of t h e  constant a l t i t u d e  decelerat ion 
phase of t h e  reference t r a j e c t o r y .  The a l t i t u d e ,  control ,  and acce lera t ion  
p r o f i l e s  are shown as a funct ion of t ime f o r  t h e  reference and f l i g h t  vehic le .  
Zero time i s  chosen as t h e  time at which t h e  f l i g h t  vehicle  encounters a n  
acce lera t ion  equal t o  0.05 g .  
I n  each f igure ,  t h e  a l t i t u d e  p r o f i l e  shows t h e  f l i g h t  vehic le  diving i n i -  
t i a l l y  t o  a lower, more dense a l t i t u d e  and remaining below t h e  reference t ra -  
jec tory  a l t i t u d e  throughout t h e  entry.  During t h e  t e r m i n a l  phase, t h e  f l i g h t  
vehicle  dives progressively s teeper  i n t o  t h e  atmosphere while t h e  reference 
t r a j e c t o r y  i s  a constant a l t i t u d e .  
The acce lera t ion  buildup i s  s l i g h t l y  more gradual for  t h e  f l i g h t  vehic le  
than f o r  t h e  reference,  which i s  c h a r a c t e r i s t i c  of a slower vehic le .  The 
magnitude and t i m e  of t h e  acce lera t ion  peaks coincide.  The acce lera t ion  r a t e  
peaks occur a t  approximately t h e  same time and a r e  of t h e  same magnitude. 
(The point of occurrence of t h e  peak acce lera t ion  ra te  i s  not r ead i ly  discern-  
i b l e  on these  acce lera t ion  p l o t s .  ) Good agreement between t h e  acce lera t ion  
p r o f i l e s  i s  achieved up t o  t he  point where t h e  f l i g h t  vehicle  can no longer 
generate su f f i c i en t  aerodynamic l i f t  t o  p u l l  down i n t o  t h e  atmosphere a t  t h e  
progressively increasing r a t e  required.  Consequently, t h e  f l i g h t  vehic le  
acce lera t ion  p r o f i l e  diverges from the  reference acce lera t ion  p r o f i l e  a f t e r  
t h i s  point,  at about 94 seconds f o r  t h e  16-g entry,  144 seconds fo r  t h e  10-g 
entry,  and 326 seconds f o r  t h e  4.5-g entry.  
The roll cont ro l  p ro f i l e s  are shown i n  t h e  lower por t ion  of  each f igu re .  
For t h e  f l i g h t  vehic le  i n  each entry,  L/D = 0.50. The L/D f o r  t h e  reference 
vehicle  i s  0.4, 0.2, and 0.5 f o r  t h e  16-g, 10-g, and 4.5-g entry,  respec t ive ly .  
I n  addi t ion  t o  t h e  ac tua l  cont ro l  p ro f i l e s  f o r  t h e  reference and f l i g h t  vehi-  
c les ,  t h e  nominal roll cont ro l  p r o f i l e  f o r  t h e  f l i g h t  vehic le  i s  shown. These 
nominal roll cont ro l  p ro f i l e s  (as explained before) a r e  t h e  quant i ta t ive  
solut ions of equation (13) when t h e  values of t h e  planetary mission en t ry  or 
reference vehic le  state var iab les  (Et, 72, and (L/D)z) a r e  used as t h e  r e f e r -  
ence values .  The cont ro l  system of t h e  f l i g h t  vehic le  attempts t o  cont ro l  
about t h i s  nominal. Excursions from t h e  nominal are due, i n  pa r t ,  to t h e  
closed-loop nature of t h e  cont ro l  and, i n  p a r t ,  t o  t h e  cons t ra in ts  on t h e  
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control  ac t ion .  One cons t ra in t  l i m i t s  t h e  vehic le  roll rate t o  l e s s  than 
+20° per second. 
roll over and during t h e  terminal  phase of t h e  simulation where t h e  nominal 
spec i f i e s  a higher roll r a t e .  An addi t iona l  cons t ra in t  does not allow t h e  d ip  
or discont inui ty  t h a t  appears i n  t h e  nominal p r o f i l e  j u s t  p r io r  t o  roll over 
i n  f igures  6(a) and 6 ( b ) .  This results i n  a smooth and continuous rol l -over  
maneuver similar t o  t h a t  of t h e  reference vehic le  cont ro l  p r o f i l e  ins tead  of 
t h e  discontinuous one spec i f ied  by t h e  nominal. The e f f ec t  of t h i s  cons t ra in t  
on t h e  acce lera t ion  p r o f i l e  i s  not noticeable.  
This caused a s l i g h t  deviation of t h e  cont ro l  p r o f i l e  a t  
Figure 6 ( c )  shows t h e  example time h is tory  for entry at t h e  negative over- 
shoot boundary. This case merits fur ther  discussion because it d i f f e r s  from 
t h e  other two examples f o r  entry at t h e  pos i t i ve  overshoot and undershoot 
boundaries. During t h e  i n i t i a l  dive, t h e  f l i g h t  vehic le  enters  with a roll 
angle of about 42O, ind ica t ing  t h a t  t h e  f u l l  l i f t  capabi l i ty  of t h e  vehicle  i s  
not required t o  achieve t h e  match. This w a s  not t h e  s i t u a t i o n  f o r  t h e  other 
two examples which both required t h a t  t h e  l i f t  vector be f u l l  up (cp = Oo)  
during t h e  i n i t i a l  dive.  
required t o  simulate t h e  entry at t h e  negative overshoot boundary i s  less 
than t h e  (L/D)2 required f o r  t h e  ac tua l  planetary mission r e tu rn  en t ry .  
as  w e l l  as fo r  many other examples t h a t  f a l l  along t h e  negative overshoot 
boundary. The opposite r e s u l t  ( i . e . ,  (L/D)= > (L/D)2) i s  general ly  t r u e  a t  
t h e  pos i t ive  overshoot and t h e  undershoot boundaries. 
It can be shown t o  be general ly  t r u e  t h a t  t h e  ( L / D ) l  
This 
can be v e r i f i e d  from f igu re  5 fo r  t h e  example given here f o r  A't- = 4.5 g, 
Time, sec 
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Figure 7 . -  Maximum duration of planetary en t ry  
simulation; t i m e  = 0 at Kt = 0.05 g. 
In f igu re  6 ( c )  t h e  shape of t h e  
f l i g h t  vehic le  r o l l  cont ro l  p r o f i l e  
fo r  en t ry  at t h e  simulated negative 
overshoot boundary does not resemble 
t h e  cont ro l  p r o f i l e  fo r  t h e  corre-  
sponding reference vehic le  entry.  
There is ,  however, a c lose  s imi l a r -  
i t y  i n  t h e  shape of t h e  reference 
and f l i g h t  cont ro l  p r o f i l e  for  t h e  
other two cases ( f i g s .  6 (a)  and 
6 ( b ) )  - 
Simulation Time 
The maximum time durat ion over 
which a simulated planetary mission 
entry may be sustained i s  presented 
i n  f igu re  7 .  Lines of constant t i m e  
a r e  given as a funct ion of t h e  peak 
acce lera t ion  encountered during t h e  
entry and t h e  vehic le  L/D. The 
values represent  t h e  t o t a l  time 
from atmospheric encounter (rt = 0.05 g)  u n t i l  t h e  f l i g h t  vehi-  
c l e  can no longer sus t a in  t h e  
desired l e v e l  of acce lera t ion .  The 
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regions corresponding to t h e  planetary mission r e t u r n  overshoot and undershoot 
t r a j e c t o r i e s  are shown i n  t h i s  f i gu re  as w a s  done i n  f i g u r e  5. 
corresponding to t h e  three entry examples given previously ( see  f i g s .  5 and 6) 
are a l s o  included f o r  reference.  
The poin ts  
It i s  apparent from t h e  shallow slope of t h e  curves that t h e  t i m e  durat ion 
For instance,  of t h e  simulation i s  not a s t rong funct ion of t h e  vehic le  
a vehic le  with an L/D 
144 seconds fo r  t h e  
b o l  on f igu re  7.  An increase i n  t h e  vehic le  L/D to 0.70 (40-percent 
increase)  would r e s u l t  i n  an add i t iona l  20 seconds (14-percent increase) of 
s imulat ion t i m e  f o r  t h i s  10-g case and would not a f f e c t  t h e  a b i l i t y  t o  a t t a i n  
a match during t h e  high acce lera t ion  por t ion  of t h e  en t ry .  
L/D. 
of 0.50 could s u s t a i n  a simulated planetary en t ry  f o r  
This i s  ind ica ted  by t h e  square sym- Etw = 10 g case.  
Aerodynamic Heating 
For t h e  e n t r i e s  from e a r t h  o r b i t  considered i n  t h i s  study, only t h e  aero-  
dynamic heating t h a t  results when a l a m i n a  boundary layer  i s  assumed w i l l  be 
evaluated. The Reynolds number can be shown t o  be l e s s  than  3 ~ 1 0 ~  at peak 
heating f o r  each of t h e  e n t r i e s  of i n t e r e s t ,  making it reasonable t o  expect 
a considerable extent of laminar flow. The laminar convective heating r a t e  
per un i t  a r ea  at t h e  s tagnat ion point i s  given by 
4 = K & v 3  
The constant K i s  se l ec t ed  s o  t h a t  t h e  heat ing r a t e  a t  peak heating matched 
t h a t  given by a presumably more accurate  method of computation f o r  t h e  en t ry  
of t h e  same configurat ion.  I n  t h i s  study, t h e  en t ry  t r a j e c t o r y  of t h e  Apollo 
204A mission w a s  simulated on t h e  analog computer using conditions as given i n  
re ference  5. The constant K was se l ec t ed  t o  match t h e  peak heating rates 
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Figure 8.- Aerodynamic heating at the stagnation 
t o t a l  heat load defined as 
t 
H s Jo 6 dt  
a r e  presented i n  f i g u r e  8 and com- 
pared with da ta  obtained from r e f  - 
erence 5. The o r b i t a l  miss'ion entry 
t r a j e c t o r i e s  of i n t e r e s t  i n  t h i s  
study f a l l  i n  a region near t h e  
o r i g i n  i n  t h i s  p l o t .  The th ree  en t ry  
en t ry  examples used previously a r e  
ind ica ted  within t h e  region by t h e  
c i r c l e ,  square, and t r i a n g l e  for 
16 g, 10 g, and 4.5 g ,  respec t ive ly .  
The peak heating r a t e s  and t o t a l  
heat loads experienced a r e  much l e s s  
than t h e  capab i l i t y  of t h e  Apollo 
capsule ( lunar  r e t u r n  configurat ion) .  
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The t o t a l  heat loads are a l s o  l e s s  than t h e  t y p i c a l  Apollo o r b i t a l  f l i g h t  204A, 
although t h e  heating rates are higher.  D a t a  points  f o r  Apollo f l i g h t s  SA201 
and SA202 are a l s o  presented fo r  comparison. These two f l i g h t s  a r e  f o r  
b a l l i s t i c  lobs at higher entry v e l o c i t i e s  (28,500 f t / s e c )  . 
Range Control Considerations 
During t h e  en t ry  from o r b i t ,  a spacecraft  would perform range cont ro l  
maneuvers i n  order to a r r i v e  at a desired des t ina t ion .  Ideal ly ,  range e r ror  
would be corrected most e f f i c i e n t l y  during t h e  ea r ly  por t ion  of t h e  entry 
where t h e  maneuver capabi l i ty  of t h e  vehicle  i s  g r e a t e s t .  Performing range 
cont ro l  during t h e  ea r ly  por t ion  could conf l i c t  with t h e  procedures required 
to f l y  t h e  acce lera t ion  p r o f i l e  t h a t  w a s  desired fo r  t h e  planetary entry simu- 
l a t i o n .  T o  avoid t h i s  complication, cont ro l  to achieve t h e  desired accelera-  
t i o n  p r o f i l e  and cont ro l  to achieve a desired landing point are separated i n t o  
two d i s t i n c t  phases i n  t h i s  study. A r e su l t i ng  decrease i n  range cont ro l  
capabi l i ty  will be one of t h e  cos ts  i n  performing t h i s  type of entry.  Con- 
s ide r  then t h a t  at some point during t h e  entry,  t h e  planetary en t ry  simulation 
w i l l  be terminated by t h e  ea r th  o r b i t a l  mission r e t u r n  vehicle  and terminal  
range control  i n i t i a t e d .  We w i l l  d i r ec t  our a t t e n t i o n  t o  t h e  e f f ec t  s i m u l a -  
t i o n  duration has on t h e  range capabi l i ty  of t h e  en t ry  vehicle  as spec i f i ca l ly  
indicated by t h e  s i z e  of t h e  landing f o o t p r i n t .  Using t h e  previous example of 
t h e  entry a t  t h e  pos i t i ve  overshoot boundary t h a t  results i n  a maximum acce l -  
e r a t ion  of 10 g, f i gu re  9 shows t h e  s i t u a t i o n  i n  which t h e  cont ro l  maneuver 
required t o  match t h e  acce lera t ion  p r o f i l e  i s  terminated at a time pr ior  t o  
t h e  absolute  end point fo r  t h e  s i m u l a -  
t i o n .  Three t r a j e c t o r i e s  a r e  shown i n  
f igu re  9, two of which i l l u s t r a t e  
range control ;  t h e  t h i r d  t r a j e c t o r y  i s  
i d e n t i c a l  t o  t h e  t r a j e c t o r y  presented 
i n  f igu re  6 ( b ) .  The t r a j e c t o r y  desig- 
nated 0 ind ica tes  a s i t u a t i o n  i n  
which t h e  simulation i s  terminated 
a f t e r  80 seconds by r o l l i n g  t h e  vehi-  
c l e  so  t h a t  t h e  lift vector i s  up 14' 4 -  
.z 8 ( c p  = Oo). This maneuver reduces t h e  
t o t a l  acce le ra t ion  on t h e  vehicle  as - $g 12-  
a v it r i s e s  i n  t h e  atmosphere, and, u l t i -  
mately, t h e  vehic le  i s  ca r r i ed  f a r the r  
downrange. The second example (desig- 
nated 0) ind ica tes  t h a t  t h e  vehicle  
has r o l l e d  s o  t h a t  t h e  lift vector i s  
down. I n  t h i s  case, t h e  vehicle  dives 
- ol deeper i n t o  t h e  atmosphere, causing an 
increase i n  t h e  acce lera t ion  and u l t i -  
LT ! p  mately shortening t h e  range to touch- 
; 8  c 
a 4  
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18O0 I L.1. .-.___I I down. During t h e  analog computer 50 100 I50 200 
Time, sec analysis  t h i s  procedure i s  ca r r i ed  out 
not only f o r  t h e  fu l l -up  and full-down 
a l l  d i rec t ions  between +1800 of roll 
angle. The t r a j e c t o r y  t h a t  r e s u l t s  for  
Figure 9.-  Entry t r a j e c t o r y  cha rac t e r i s t i c s  with d i r ec t ion  O f  t h e  l i f t  Vector, but f o r  
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encounter (At =-0.05 9 ) .  
dimensionless form f o r  t h e  10-g case 
discussed here as well as f o r  t h e  cases 
- t h a t  correspond to a 4.5-g entry and a 
- high cos t ,  i n  terms of loss  i n  landing 
16-g en t ry  (discussed previously) .  The (L ID)  I = 0.5 
area ava i lab le ,  fo r  increased s i m u l a -  
t i o n  t i m e  i s  indicated by t h e  th ree  
curves i n  f igu re  11. 
Midcorridor Entr ies  
I 
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a planetary mission r e tu rn  vehicle ,  a 
summary p l o t  s i m i l a r  to t h a t  i n  
- f igu re  5 of t h e  cont ro l  requirements 
fo r  t h e  i n i t i a l  dive port ion is  pre-  
sented t h e  capab i l i t y  f o r  simulating 
en t r i e s  at t h e  overshoot and undershoot 
boundaries f o r  d i f f e ren t  values of 
while t h e  curves of f igu re  12 are f o r  
entr ies  i n  t h e  midcorridor range f o r  
only one value of L/D. Each point on 
t h e  p lo t  represents  two entry t r a j e c t o -  
r i e s ,  one f o r  Ti = 2, t h e  other fo r  vi = 1. Both t r a j e c t o r i e s  a t t a i n  t h e  
i d e n t i c a l  peak acce lera t ion  and peak 
rate of change of acce lera t ion  during 
e n t r i e s  at t h e  undershoot and overshoot 
boundaries r equ i r e  t h e  l i f t  vector of 
t h e  planetary mission entry vehicle  to 
be e i the r  fu l l  up (cp = 0') or fu l l  down 
(cp = 180°), t h e  midcorridor type 
en t r i e s  allow a component of t h e  lift 
vector  i n  t h e  l a t e r a l  plane. The vehi-  
C h  r o l l  a t t i t u d e  during t h e  i n i t i a l  
se lec ted  value between zero and +180°. 
A t  mox 8 g 
0 -  20 sented i n  f i g u r e  12. Figure 5 pre-  
L/D, 
4.5 t h e  i n i t i a l  dive phase. Whereas 
Skip-out 
'8090 60 3 0  0 
Trlm roll angle,  'p,, deg 
Figure 12. - Control requirements during i n i t i a l  
dive f o r  simulating midcorridor-type entries; 
(L/D)= = 0.5, (L/D)* = 0.5. dive would s t i l l  be constant but at a 
To obtain t h e  data of f igu re  12, t h e  f l i g h t  and reference vehicle  are 
both-considered t o  have a n  L/D of 0.5. A s l i g h t l y  d i f f e ren t  p lo t  would 
appear fo r  each combination of ( L / D ) l  and (L/D)2. 
of these combinations. 
Figure 12 i s  f o r  just one 
The midcorridor e n t r i e s  on f igu re  1 2  a r e  represented i n  terms of t h e  peak 
acce lera t ion  a t t a ined  and t h e  roll a t t i t u d e  maintained by t h e  reference vehi-  
c l e ,  (p2, and required of t h e  f l i g h t  vehicle ,  c p l .  The required f l igh t -pa th  
angle f o r  each vehicle  has been omitted fo r  t h e  sake of c l a r i t y  even though it 
i s  important i n  es tab l i sh ing  t h e  i n i t i a l  condi t ions.  
A s  an example of t h e  simulation of a midcorridor entry,  consider a plane- 
t a r y  mission vehicle  enter ing t h e  ea r th  atmosphere a t  a roll a t t i t u d e  of 90' 
and at t h e  appropriate f l i gh t -pa th  angle f o r  a t t a in ing  a peak acce lera t ion  of 
8 g .  The peak acce lera t ion  and peak acce lera t ion  rate could be matched by an 
ea r th  o r b i t a l  mission vehic le  enter ing a t  t h e  appropriate  f l i g h t  -path angle 
with cpl = 35'. 
The example given previously corresponding t o  en t ry  a t  t h e  negative over- 
shoot boundary i s  a l s o  indicated on f igu re  12 ( t r i a n g l e  symbol). 
en t ry  example i l l u s t r a t e d  i n  f igu re  6 ( c ) ,  which a t t a i n s  a peak acce lera t ion  of 
This i s  t h e  
4.5 g.  
Numerous other examples fo r  simulation of midcorridor -type en t r i e s  a r e  
within t h e  capabi l i ty  of t h e  o r b i t a l  entry vehic le  for t h e  example given i n  
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f igu re  12 [(L/D)l = 0.5,  (L/D)2 = 0.51. 
shaded regions on t h e  p lo t  represent  f e a s i b l e  midcorridor en t ry  simulations.  
All e n t r i e s  t h a t  fa l l  between t h e  two 
Retro Velocity Requirements 
Thus far, no consideration has been given t o  how t h e  entry vehicle  
a r r ived  a t  t h e  edge of t h e  ea r th  atmosphere f ly ing  a t  t h e  correct  f l i gh t -pa th  
angle t o  give t h e  acce lera t ion  buildup and peak g an t ic ipa ted .  Under t h e  
assumptions t h a t  have been made f o r  t h e  i n i t i a l  dive i n t o  t h e  atmosphere 
(Ti = 1 and cp = constant) ,  t h e  peak g and maximum acce lera t ion  r a t e  are a 
funct ion of. t h e  . L/D 
The proper L/D i s  determined as explained previously.  The f l igh t -pa th  angle 
at entry w i l l  be a funct ion of t h e  i n i t i a l  o r b i t  parameters and t h e  r e t r o  
ve loc i ty  increment at t h e  time of t h e  deorbi t  maneuver. 
of t h e  vehic le  and t h e  i n i t i a l  f l i gh t -pa th  angle only. 
ri, = 1.0 
, V V  5 \.o 
The curves presented i n  f igu re  13 
show t h e  r e l a t ionsh ip  between t h e  
f l i gh t -pa th  angle t h a t  would be r e a l -  
ized at en t ry  and t h e  r e t r o  ve loc i ty  
increment added during t h e  deorbit  
maneuver f o r  t h ree  d i f f e ren t  i n i t i a l  
possible  to show a region of i n t e r e s t  
cbrresponding to planetary mission 
entry simulation and t o  compare t h i s  
region with t h e  ava i lab le  r e t r o  capa- 
b i l i t y  of t h e  Apollo o r b i t a l  vehic le .  
The vehic le  is considered to be i n  a 
c i r cu la r  o r b i t  p r io r  t o  r e t r o .  The 
Region of Interest for 
planetary entry simulation -4 o r b i t a l  a l t i t u d e s .  On t h i s  p lo t  it i s  
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npollo orbltol r e t r o  ve loc i ty  increment i s  added i n  a 
confi~”ration d i rec t ion  t o  give t h e  maximum negative W -4- g -4 
f l i g h t  -path angle when t h e  vehicle  f 
a a r r ives  at t h e  atmosphere. 
9 -2 
lL A second ordinate  ax is  i s  included 
c c 
- 
/D = 0.4, ‘p = 60”) on f igu re  13 t o  show t h e  approximate 
peak acce lera t ion  t h a t  t h e  vehicle  
l i f t  vector up ( c p  = 0’)- 
Kttmax 
a t i o n  encountered for  a designated y i .  
0 .04 .08 .I2 .I6 would encounter upon entering with t h e  
The values Retro velocity, SV 
Figure 13.- Retro velocity requirements. would be t h e  lowest peak acce ler -  
Higher peak accelerat ions could be encountered f o r  en t ry  at a roll angle 
grea te r  than zero. The points  corresponding t o  t h e  t h r e e  example e n t r i e s  a r e  
again included on t h i s  p lo t  f o r  t r a j e c t o r i e s  from an i n i t i a l  o r b i t a l  a l t i t u d e  
of 322 km (200 s t a t u t e  mi les ) .  
It may be noted t h a t  f o r  t h e  4.5 g example ( t r i a n g l e  symbol) t h e  vehicle  
does not enter  with 
r e l a t e  t o  t h e  acce lera t ion  ordinate  on f igu re  13. 
16 g and 10 g, t h e  roll angle i s  zero upon en t ry  and t h e  values given on t h e  
acce lera t ion  ordinate  are cor rec t .  
cp = 0’ (see f i g .  6 ( c ) ) ,  and thus t h i s  data  point does not 
For t h e  other two examples, 
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The region of i n t e r e s t  f o r  planetary mission en t ry  simulation i s  shown on 
t h e  p l o t .  
e n t r i e s  at t h e  undershoot boundary, show t h a t  Large r e t r o  ve loc i ty  increments 
a r e  required i n  t h e  range from 
re tu rn  from a 322-km o r b i t .  The en t r i e s  f o r  midc-orridor and overshoot bound- 
a ry  simulation ( c p  > 0') r equ i r e  smaller y i  or  6V and would extend t h e  lower 
l i m i t  of t h e  region of i n t e r e s t  t o  include that shown i n  t h e  f igu re  (6v  = 0.01 
t o  S F  = 0.17). 
t h e  capabi l i ty  of t h e  present Apollo o r b i t a l  configuration. 
Entr ies  that result i n  peaks between 10 and 16 g, simulating 
8v = 0.12 t o  6V = 0.17 (950 t o  1340 ,/see) fo r  
It i s  noted t h a t  par t  of t h e  region of i n t e r e s t  l i e s  beyond 
CONCLUSIONS 
(1) The i n i t i a l  acce le ra t ion  buildup (up t o  peak g)  experienced during 
atmospheric entry of a planetary mission r e t u r n  vehic le  may be duplicated dur- 
ing t h e  en t ry  of a manned ea r th  o r b i t a l  mission through proper choice of t h e  
l i f t i n g  capabi l i ty  of t h e  enter ing spacecraft  and establishment of t h e  appro- 
p r i a t e  i n i t i a l  f l i gh t -pa th  angle.  Accurate dupl icat ion of both t h e  maximum 
acce lera t ion  and t h e  maximum acce lera t ion  r a t e  can be achieved fo r  e n t r i e s  
t h a t  simulate planetary r e t u r n  at t h e  undershoot boundary, pos i t i ve  and nega- 
t i v e  l i f t  overshoot boundaries, as w e l l  as midcorridor approach with a 
capsule-type spacecraf t  configuration. 
t i o n  (after peak g )  of a planetary mission r e t u r n  entry may be duplicated, 
i n  par t ,  through proper cont ro l  of t he  d i r ec t ion  of t h e  l i f t  vector of t h e  
enter ing o r b i t a l  spacecraf t .  
determined by t h e  requirement t o  achieve a match of t h e  acce lera t ion  p r o f i l e  
dxring t h e  i n i t i a l  dive i n t o  t h e  atmosphere p r io r  t o  peak g.  The lift 
required t o  simulate t h e  constant a l t i t u d e  port ion of a planetary entry i s  
general ly  l e s s  than  t h i s  i n i t i a l  segment. Only small and i n e f f i c i e n t  gains 
r e s u l t  from increasing t h e  vehic le  lift capabi l i ty  above t h a t  required during 
t h e  i n i t i a l  dive i n  order t o  increase t h e  durat ion of t h e  simulation of t h e  
constant a l t i t u d e  segment. 
vers  required t o  achieve t h e  acce lera t ion  p r o f i l e  match. The subsequent 
reduction i n  t h e  s i z e  of t h e  vehic le  landing foo tp r in t  i s  a s t rong funct ion of 
t h e  ve loc i ty  (or time) at which t h e  simulation i s  terminated and range cont ro l  
i n i t i a t e d .  
ments, a r e  required by t h e  orb i ta l - type  en t ry  vehic le  t o  simulate a high g 
planetary mission entry at t h e  undershoot boundary. Lower r e t r o  ve loc i ty  
increments a r e  required f o r  simulating midcorridor and overshoot boundary type 
e n t r i e s .  
(2)  The acce lera t ion  p r o f i l e  corresponding t o  t h e  constant a l t i t u d e  por - 
(3) The lift requirements fo r  t h e  o r b i t a l  r e t u r n  vehicle  are general ly  
(4) Downrange and crossrange capab i l i t i e s  a r e  reduced by cont ro l  maneu- 
(5) Large en t ry  f l i g h t  -path angles,  implying l a rge  r e t r o  ve loc i ty  inc re -  
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APPENDIX A 
CONDITIONS FOR USING EQUATION (8) 
To obtain a quan t i t a t ive  so lu t ion  of equation (13) i n  t h e  ana ly t ic  
sect ion,  w e  have considered t h a t  t h e  t o t a l  v e l o c i t y  change experienced by t h e  
reference and f l i g h t  vehicles  during t h e  e n t r i e s  w a s  i d e n t i c a l  at correspond- 
ing times along t h e  t r a j e c t o r i e s  and, fu r the r ,  t h a t  t h i s  t o t a l  ve loc i ty  change 
w a s  equal to t h e  i n t e g r a l  of t h e  t o t a l  acce le ra t ion  vector:  
f o r  
or ,  
Sketch (a). 
I n  sketch (a) t h e  
each veh ic l e  i s  
nv = (s 
i n  dimensionless 
= AV, ( A l l  
change i n  t o t a l  ve loc i ty  
(A2 ) + 
i n t e g r a l  form, 
-% 
1 + ( L / D ) ~  
where t h e  drag acce le ra t ion  has been replaced by t h e  equivalent value i n  terms 
of t h e  t o t a l  accelerat ion & = (D/mg) J1 + (L/D)2. 
FYom equation (A3)  i n  order f o r  t h e  ve loc i ty  change t o  be equal f o r  t h e  
kwo vehicles,  a unique correspondence must exist  between t h e  f l i g h t  parameters 
A t ,  L/D, and y 
so t h a t  t h e  accelerat ion A t l  i s  equal t o  t h e  reference value A t 2  a t  each 
point along t h e  t r a j e c t o r y ,  it i s  apparent t h a t  an e r ro r  would develop i f  an 
inequal i ty  exis ts  i n  t h e  values of (L/D)l, (L/D)2, 71, and y2. 
would be 
f o r  t h e  t w o  vehic les .  Since t h e  f l i g h t  vehicle  ,is control led 
This e r ro r  
r 1 
Although it i s  f e a s i b l e  t o  have (L/D)l = (L/D)2,  it should b e  c l ea r  t h a t  
t h e  f l i gh t -pa th  angles could not be equivalent a t  each point along t h e  t r a j e c -  
t o r y  ( see  a l t i t u d e  t i m e  h i s t o r i e s ,  f i g .  6 ) .  Thus an e r r o r  w i l l  always develop 
as a result  of t h i s  difference i n  f l i gh t -pa th  angles.  Depending on t h e  p a r t i c -  
u l a r  t r a j e c t o r y  flown, t h i s  e r ro r  i n  AT may vary from 2 to 9 percent of t h e  
t o t a l  ve loc i ty  change a t  t h e  end of simulation. This e r r o r  w i l l  have only a 
small effect  on t h e  accelerat ion matching resul ts .  
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may be derived t h a t  relates t h e  accumulated 
ectory w t h  t h e  ve loc i ty  change f o r  t h e  constant a l t  
t i m e  
t ude 
port ion of t h e  en t ry .  For t h e  constant a l t i t u d e  phase of t h e  reference vehi-  
c le  en t ry  ( y  M 0' and p = const) ,  equation (A2) reduces t o  
from which t h e  change i n  t i m e  can be related d i r e c t l y  t o  t h e  change i n  veloc- 
i t y  as ' 
Time where t h e  l i m i t s  of i n t eg ra t ion  e-xtend from t h e  
v e l o c i t y  at i n i t i a t i o n  of t h e  constant a l t i t u d e  phase 
( p u l l  out)  t o  t h e  point of i n t e r e s t  along t h e  
t r a j e c t o r y  (designated * i n  sketch ( b ) ) .  
For t h i s  constant a l t i t u d e  phase (constant atmo- 
spher ic  dens i ty ) ,  t h e  t o t a l  accelerat ion varies as 






& = e where K = -
Thus, w e  can s u b s t i t u t e  f o r  t h e  accelerat ion and obtain an expression t h a t  can 
be integrated: 
A f t e r  i n t eg ra t ing  and subs t i t u t ing  t h e  l i m i t s ,  we  obtain 
- or, i n  terms of t h e  independent variable AT f o r  a n  i n i t i a l  ve loc i ty  of 
v, = 2 ,  
(B6) 
1 + (L/D)22 
K 
APPENDIX C 
EQUATIONS OF MOTION 
Equations f o r  t h e  angular and t r a n s l a t i o n a l  motions of t h e  spacecraf t  
( t h ree  t r a n s l a t i o n a l  degrees of freedom and one r o t a t i o n a l  degree about t h e  
roll a x i s )  are given herein.  
f l i gh t -pa th  axis system (H 
moves with it. 
The equations are given i n  terms of a modified 
frame) t h a t  i s  r i g i d l y  at tached to t h e  vehic le  and 
The three t r a n s l a t i o n a l  equations (from re f .  3) are 
T j h - y = -  UhWh 'h 
m 
$uh = 'h - m (motion i s  i n  equator ia l  plane) 
where Uh and Wh are t h e  vehicle  ve loc i ty  components i n  t h e  H frame and 
vh = 0 by de f in i t i on  of t h e  H frame ( see  r e f .  3 ) .  
To simplify t h e  equations with respect  t o  computer sca l ing ,  t h e  following 
dimensionless var iab les  a r e  introduced: 
( a l t i t u d e )  
(t ime) 
I n  terms of these  new variables, t h e  t r a n s l a t i o n a l  equations of motion become 
The ex terna l  forces  on t h e  vehic le  (not including gravi ty)  are 
xh D -= - (- sin y + cos y 




-= - 6 cos y + s i n  y 
where t h e  f l igh t -pa th  angle y i s  defined as 
y = tan-' (- 3 
The t o t a l  acce le ra t ion  and r a t e  of change of acce lera t ion  i s  
- wh) 
- it  = xt e D/WO 
p -  
Auxiliary r e l a t ionsh ips  are: 
To ta l  ve loc i ty  = (uE + wh) 2 112 
7 
Downrange = (1 + AUh)COS $h dT' 
3 
1. Wingrove, R .  C.: F l igh t  Dynamics of Planetary Entry. Presented a t  
AAS/AAAS Specia l  Astronautics Symposium, December 29, 1965. 
2. Chapman, Dean R .  : An Approximate Analyt ical  Method for Studying Entry 
In to  Planetary Atmospheres. NASA TR R-11,  1959. 
3. Fogmty, L. E.; and Howe, R .  M.: F l igh t  Simulation of Orbi ta l  and Reentry 
Vehicles. Par t  I1 - A Modified F l ight  Path Axis System for Solving t h e  
Six-Degree -of -Freedom Fl ight  Equations. ASD TR 61-171 (11) , Oct . 1961. 
4. Chapman, Dean R .  ; and Kapphahn, Arl ine K.  : Tables of Z Functions f o r  
Atmosphere Entry Analyses. NASA TR R-106, 1961. 
5. Strouhal,  G . ;  Curry, D. M.; and Janney, J. M.:  Thermal Protect ion System 
Performance of t h e  Apollo Command Module. 
Seventh S t ruc tures  a n d  Materials Conference, Apr i l  18-20, 1966. 
Presented at t h e  AIAA/ASME 
32 NASA-Langley, 1968 - 31 A-2923 
NATIONAL ERONAUTICS AND SPACE ADMINISTRATION 
WASHINGTON, D. C. 20546 
OFFICIAL BUSINESS 
POSTAGE A N D  FEES PAID 
NATIONAL AERONAUTICS AND 
SPACE ADMINISTRATION 
FJRST CLASS MAIL 
If Undeliverable (Section 158 
Postal Manual) Do Not Return 
"The aesonautical and space activities of the United States shall be 
conducted so as t o  contribute . . . t o  the expaizsioa of human knowl- 
edge of phenomena in the atnzosphere and space. T h e  Administration 
shall provide for the widest practicable aizd appropriate dissemination 
of information concerning its activities and the resalts thereof." 
-NATIONAL AERONAUTICS AND SPACE ACT OF 1958 
NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS 
TECHNICAL REPORTS: Scientific and 
technical information considered important, 
complete, and a lasting contribution to existing 
knowledge. 
TECHNICAL NOTES: Information less broad 
in scope but nevertheless of importance as a 
contribution to existing knowledge. 
TECHNICAL MEMORANDUMS: 
Information receiving limited distribution 
because of preliminary data, security classifica- 
tion, or other reasons. 
CONTRACTOR REPORTS: Scientific and 
technical information generated under a NASA 
contract or grant and considered an important 
contribution to existing knowledge. 
TECHNICAL TRANSLATIONS: Information 
published in a foreign language considered 
to merit NASA distribution in English. 
SPECIAL PUBLICATIONS: Information 
derived from or of value to NASA activities. 
Publications include conference proceedings, 
monographs, data compilations, handbooks, 
sourcebooks, and special bibliographies. 
TECHNOLOGY UTILIZATION 
PUBLICATIONS: Information on technology 
used by NASA that may be of particular 
interest in commercial and other non-aerospace 
npplications. Publications include Tech Briefs, 
Technology Utilization Reports and Notes, 
and Technology Surveys. 
Details on the availability of these publications may be obtained from: 
SCIENTIFIC AND TECHNICAL INFORMATION DIVISION 
NATIONAL AERO N AUT1 C S  AND SPACE ADM I N [STRATI ON 
Washington, D.C. 20546 
